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Abstract 
Building energy systems, especially large public building energy systems (LPBES), are major energy consumers and 
pollutant emissions contributors. In this paper, a superstructure of LPBES incorporating the candidate equipments 
and their possible combinations are constructed. The thermodynamic performance model, investment cost model, 
CO2 emission   model of the equipments are formulated. The variations of the energy demand and power importation 
price are addressed by multiple scenarios problem. A multi-objective mixed integer linear programming (MILP) 
model is formulated. The economic objective is the minimization of the total annual cost of the LPBES and the 
environmental objective is the minimization of the annual global CO2 emission. The augmented ε–constraint method 
is applied to achieve the Pareto Frontier of the design configuration to reflect the set of solutions representing optimal 
trade-offs between the economic and environmental objectives. The synthesis and design of the energy system of an 
airport in north China is studied to test the proposed synthesis and design strategy and the formulated model. 
Economic optimal scheme and environmental optimal scheme are presented. The Pareto solutions consist of optimal 
configurations that adapt their operational strategy during a specific range in the Pareto Frontier are presented to 
show the trade-offs scheme between economic and environmental objectives. 
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1. Introduction 
Energy resources depletion and environment deterioration are currently two of the major problems that 
human being mostly concerned. Building energy systems, especially large public building energy systems 
(LPBES), are major energy consumers and pollutant emissions contributors. Natural gas based CCHP 
(combined cooling, heating and power system), a promising technique features high thermal efficiency, 
low cost and low pollutant emissions, is a promising technique for LPBES. The superstructure of natural 
gas based CCHP for LPBES illustrated in Fig.1 gives all candidate techniques or subsystems for the 
supply of cooling, heating and power. The tasks of synthesis and design of such LPDES including: (1) the 
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system configuration screening and optimizing; (2) the simultaneously optimizing the number, design 
capacity and the operating load of the equipment; (3) the optimizing of the power importation contract 
and importation scheme; (4) minimizing the pollutant emissions. Therefore, economic cost and 
environmental impact are selected as optimization objectives for the LPBES.  
Although many researchers have been conducted on the design and optimization of CCHP, few works 
have been reported on the simultaneously optimizing the abovementioned tasks for LPBES. In this paper, 
the optimization problem is expressed as a multiperiod multi-objective mixed integer linear programming 
(MOMILP) model. The synthesis and design of the energy system of an airport in north China is studied 
to test the proposed strategy and the formulated model. 
2. Model formulation 
2.1. Equipment performance models [1] 
Eq. (1) gives a general model of power generation equipment (gas turbine, back pressure turbine and 
condensing turbine) which is converted by linear approximation from their original nonlinear model 
presented by Shang and Kokossis [2], where Z is the dependent variable referring to power generation for 
gas turbine and steam turbine, and the waste heat transfer from gas turbine to waste heat boiler; ALN, 
BLN and CLN are coefficients of linearized model; YO is the integrate variable denote the operation 
status of equipment; H is low heating value of natural gas for GT or isentropic enthalpy difference 
between inlet steam and outlet steam of turbine; X and Xmax are respectively the operating fuel flow rate 
F and maximum fuel flow rate Fmax for GT or are operating inlet steam flow rate M and maximum steam 
flow rate Mmax for steam turbine.  
max (1 )Z ALN H X BLN H X CLN YO bigM YOd            (1) 
Eq.(2) gives the performance model of both fired boiler and waste heat boiler [2], where QB is the heat 
load entering waste heat boiler or gas-fired boiler; Cp is the specific heat of boiler feed water and q is the 
specific heat load of the steam generated in the boiler; ΔTsat is the temperature difference between the 
saturation temperature of the steam and the temperature of the feed water; A and B are coefficients of 
boiler model. 
  ))1(( max,BBsatpB MAMBqTCQ '   (2) 
Eq.(3) shows the performance model of refrigerator, where QR is the input heat load of refrigerator.  
RQCOPC *   (3)  
2.2. Energy balance 
Eq. (4)-(6) gives the demand and supply balance of power, heating, and cooling, where WBuy is the 
power importation from local power grid; Wj,tSell  is the power sold to local power grid; WEC is the power 
consumption of conventional electric air condition system; HL and CL are heating and cooling load, 
respectively. WU, HLU, and CLU are the power, heating and cooling demand, respectively. 
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2.3. Economic objective function  
The economic objective function is the minimization of the total cost of annualized investment cost 
and annual operating cost. The equipment annual capital costs Ccap [see Eq. (7)] are regressed from the 
nonlinear model proposed by Bruno et al. [3] and Isafiade et al. [4], where i is annual interest rate and n is 
durable years; COIA and COIB are model regression coefficients; DV is the design decision variable of 
different units. The annual operating cost Cope shown in Eq.(8) is mainly composed of the cost of natural 
gas and power importation from power grid, where UGAS is the price of local natural gas; FGAS is 
consumption of natural gas; UBuy and USell are the power importation price and electricity sale price of 
local grid, respectively. 
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The total annual cost shown in Eq.(9) is composed of the equipment annual capital cost and annual 
operating cost.  
CopeCcapeconomicMin     (9) 
2.4. CO2 emission objective function [5] 
The CO2 emission comes from two parts. One is natural gas combustion inside the LPBES which is 
shown in the first term in the right side of Eq. (10). The other part is equivalent CO2 emission of power 
importation from local coal-fired power plant as shown in the second term in the right side of Eq.(10), 
where, FCOAL is the coal consumption in local coal-fired power plant; CNG and CNC are carton content of 
natural gas and coal, respectively.  
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The constraints denoted by Eqs. (1)-(6) incorporate objective functions denoted by Eqs. (7)-(10), made 
up of an multi-objective optimization (MOO) model. In the present study, the ɛ-constrained method [6, 7] 
and solving code [8] are applied to solve the MOO model. The MILP models are formulated in GAMS 
23.6 on a 3.6 GHz Intel(R) Core(TM) i7-4790 CPU. The code CPLEX in GAMS 23.6 is used for MILP 
models solving [9]. 
3. Case study 
A building energy system design case of an airport in North China is applied to test the formulated 
model and optimization strategy. Table 1 gives the demands of cooling, heating, power and the local 
time-of-use electricity prices. The price and low heat value of natural gas are 644.453$/t and 13856 kWh/t, 
respectively. The carbon content of natural gas and coal are 74.5% and 55%, respectively. The detailed 
coefficients of linearized equipment models and investment models can be found in [1, 10, 11]. 
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Table 1 Energy demand (MW) and electricity price ($/kWh) 
Energy demand  Electricity price  
Demand Spring-autumn Summer Winter Scenario Spring-autumn Summer Winter 
Power 190 190 190 Peak 0.1569 0.1569 0.1569 
Cooling  134.12  Flat 0.1094 0.1144 0.1094 
Heating   15 Valley 0.0539 0.0463 0.0539 
3.1. Single-objective optimization 
Prior to the MOO, single-objective optimization (SOO) model is solved to obtain objective extreme 
and to show the design configuration and operating scheme under different objectives. The resulting SOO 
model consists of 996 equations, 630 continuous variables, and 128 binary variables. The annual total 
cost of the economic optimal solution (COSTOPT) is 152.7 M$ and the corresponding CO2 emission is 
842057.8 t. The annual CO2 emission of the environmental impact optimal (ENVOPT) scheme is 
681272.7 t and the corresponding annual total cost is 184.1 M$. Fig 2a and 2b give the equipments 
configuration and operating equipments of COSTOPT and ENVOPT.  
3.2. Multi-objective optimization 
The results of SOO show that the design schemes are quite dependent on objectives. The CO2 emission 
of COSTOPT is 23.6% higher than that of ENVOPT, whereas the economic cost of ENVOPT is 20.57% 
higher than that of COSTOPT. The SOO results provide extreme design schemes for different objectives. 
The MOMILP (multi-objective mixed integer linear programming) solutions for the design optimization 
of the LPDES produce a Pareto optimal front (Fig.4) for the competing objectives of economic cost and 
environmental impact. Solution points A to K denote different design and operation solutions of LPBES 
corresponding to the environmental impact objective at 681272.7 tCO2/a to 842057.8 tCO2/a. Economic 
cost slightly increases if the solution passes from the right extreme point K (economic cost minimization) 
to point F then largely increases when it changes from point F to the left extreme A (environmental 
impact minimization). Each different optimal system which runs in a specific set of conditions has a 
corresponding point in the Pareto frontier.  
 
a)
b) c)  
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Fig.2 SOO and MOO results: a) COSTOPT; b)ENVOPT; c) Pareto frontier 
4. Conclusion 
A multi-objective optimization model is presented for synthesis and design a more sustainable LPBES 
satisfying the criteria of economic benefit and environmental impact. A MILP model was developed and 
solved by the ε-constraint algorithm to combine the minimization of total cost and environmental burden. 
The single objective optimization results show that the design configurations and operation schemes are 
quite dependent on the objectives. The multi-objective solutions for the design optimization of the LPBES 
produce a Pareto optimal front for the competing objectives of economic cost and environmental impact. 
The trade-offs involved and the judgment of the solutions led to the choice of the most optimal 
configuration of equipments, where significant reductions in annual cost could be attained if the 
environmental impact was compromised. Noting that the results are quite dependent on the energy prices 
(natural gas price and power importation), both single-objective and multi-objective optimization results 
would be varied with the change of the energy prices. Therefore, the sensitivity analysis of the optimal 
scheme on the energy price is also conducted but not elaborated in this paper due to the limited space. 
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